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ABSTRACT

In laparoscopic liver resection, surgeons conventionally rely on anatomical landmarks detected through
a laparoscope, preoperative volumetric images and laparoscopic ultrasound to compensate for the chal-
lenges of minimally invasive access. Image guidance using optical tracking and registration procedures is
a promising tool, although often undermined by its inaccuracy. This study evaluates a novel surgical nav-
igation solution that can compensate for liver deformations using an accurate and effective registration
method. The proposed solution relies on a robotic C-arm to perform registration to preoperative CT/MRI
image data and allows for intraoperative updates during resection using fluoroscopic images. Navigation
is offered both as a 3D liver model with real-time instrument visualization, as well as an augmented
reality overlay on the laparoscope camera view. Testing was conducted through a pre-clinical trial which
included four porcine models. Accuracy of the navigation system was measured through two evaluation
methods: liver surface fiducials reprojection and a comparison between planned and navigated resection
margins. Target Registration Error with the fiducials evaluation shows that the accuracy in the vicinity
of the lesion was 3.78+1.89 mm. Resection margin evaluations resulted in an overall median accuracy of
444 mm with a maximum error of 9.75 mm over the four subjects. The presented solution is accurate
enough to be potentially clinically beneficial for surgical guidance in laparoscopic liver surgery.

© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

margins around the lesions. These procedures can be relatively
simple for small lesions located superficially. However, complex

The laparoscopic approach for liver surgery has become
more widely accepted within the growing list of proce-
dures Hilal et al. (2018) with patients reporting higher quality of
life after laparoscopic compared to open liver resections Fretland
et al. (2019). For colorectal metastasis (CRM), parenchyma-sparing
liver resections focus on removal of lesions while preserving as
much healthy liver tissue as possible, with only the sufficient
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procedures, such as posterior-superior segments, require exten-
sive planning of the resection to ensure removal of vascular
territory with pathology and still maintaining safe resection
margin Aghayan et al. (2018).

To prepare for complicated surgical approaches, surgical plan-
ning and diagnostics are ordinarily conducted through medical
imaging such as Computed Tomography (CT) and Magnetic Reso-
nance Imaging (MRI). Through segmentation processes, these im-
ages can be used to create patient-specific 3D models that can
support decision-making Berardi et al. (2019) and improve spa-
tial understanding Pelanis et al. (2019). Furthermore, with addi-
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tional software tools, these models can be used for resection plan-
ning Palomar et al. (2017) FDA (2013) Soler et al. (2015).

To follow the surgical plan, during laparoscopic liver surgery,
surgeons conventionally rely on visualised anatomical land-
marks detected through the laparoscope camera or the laparo-
scopic ultrasound. These structures are used by the surgeon
to correlate, in their mind, the prepared surgical plan with
the intraoperative space. This approach may lead to inaccu-
racies, especially if the landmarks used to perform this cor-
relation are difficult to visualise and couple with confidence.
Hence, to bridge the gap between planning and surgery, as
well as to aid the surgeon in conducting a safe and accurate
procedure, surgical navigation solutions are being tested clini-
cally Ntourakis et al. (2016) Hallet et al. (2015) and emerging in
the market Thompson et al. (2018) Prevost et al. (2019).

Surgical navigation devices aim to provide additional in-
formation to enhance both lesion localization and visualiza-
tion of vascular territories. For example, using superimposed
virtual segmented volumes onto the physical perspective,
known as Augmented Reality (AR), or as 3D interactive models
Modrzejewski et al. (2019) Thompson et al. (2015) Teber et al. (2009)
Thompson et al. (2018) Nicolau et al. (2009) Soler et al. (2014)
Quero et al. (2019) Bernhardt et al. (2017). Surgical naviga-
tion is achieved through a combination of instrument track-
ing and registration processes, which often require input
from the surgeons. Previous studies show that user depen-
dency Thompson et al. (2018) Teatini et al. (2019), instru-
ment tracking error Teatini et al. (2018), registration inaccu-
racy Thompson et al. (2018) Teatini et al. (2020) and liver
deformation Zachariadis et al. (2020) are often the causes
of inaccuracy in navigation systems. The extent of inaccu-
racy varies due to different setups, algorithms and organ of
interest, although, for laparoscopic liver navigation, overall
inaccuracies, reported in the literature, ranging from 8.7 to
42 mm Teatini et al. (2019) Thompson et al. (2018) Modrzejewski
et al. (2019) Luo et al. (2020). Approached utilizing intraoperative
CBCT/fluoroscopy and stereo laparoscopic images for registration
have been researched and tested although without a TRE mea-
surment during in vivo investigation Mountney et al. (2014). The
aim of this study is to assess a novel navigation solution for liver
laparoscopy which requires a simple, yet accurate, registration
procedure, with a less user-dependent update possibility which
can work even in the occurrence of large soft tissue deformations.

2. Materials and methods

Approved by the National Animal Experimentation Board
[project ID: 12633] and in accordance with Norwegian regulations
concerning the use of animals in experiments [FOR-2015-06-18-
761], a pre-clinical trial was conducted on four porcine models
from 2019 to 2020 to evaluate the presented navigation system.
This to ensure a realistic conditions of laparoscopic liver resection
with the assistance of a surgical navigation system and have results
transferable to clinical use.

The proposed surgical navigation system re-
lies on percutaneously injected gold tracking fidu-
cials Kothary et al. (2009) around the lesion. These tracking
fiducials have been used in clinical use during radiotherapy treat-
ment, and are certified medical devices which can be injected
before the surgery. The fiducials are used to perform registration
tasks between volumetric images or registration updates using
fluoroscopic images throughout the resection procedure, which
allows the system to compensate for organ deformations. A
schematic of the workflow for this solution is depicted in Fig. 1.
Surgical navigation is achieved through a series of rigid transfor-
mations, utilizing optical instrument tracking applied to both the
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laparoscope camera and the surgical instruments. The proposed
solution for surgical navigation offers guidance both as an inter-
active 3D liver model with real-time instrument visualization, as
well as through a 3D AR overlay on the laparoscopic camera view
(an example is shown in Fig. 4).

The navigation solution was tested in a state-of-the-art hy-
brid Operation Room (OR), which allows acquisition of contrast-
enhanced CT (through a sliding gantry CT), Cone Beam CT (CBCT)
and fluoroscopic images (using a robotically controlled C-arm),
in a single OR, directly while the subject is on the surgical ta-
ble. Evaluation of the navigation system was conducted through
the assessment of Target Registration Error (TRE), computed us-
ing both laparoscopically inserted fiducials on the liver sur-
face Teatini et al. (2019), as well as a comparison between the
planned and marked resection margin on the liver surface follow-
ing the navigation guidance.

2.1. Experimental protocol

The navigation solution was tested within a hybrid OR,
equipped with a Siemens Healthineers GmbH ® SOMATOM CT
scanner and an ARTIS pheno C-arm, which were used to acquire
medical images directly on the operating table. An Aesculap ®E-
insteinvision 30° oblique stereo laparoscope camera was used for
laparoscopic video acquisition. Surgical navigation was visualized
using a research version of the CAS-One AR system by CAScination
AG ®. The system is based on CAScinations ® CAS-One AR prod-
uct (CE Class 1 release in July 2017) and extends its functionality
by a prototype software displaying AR overlays on laparoscopic im-
ages based on data received from a software provided by Siemens
Healthineers. Tracking of the laparoscope camera and surgical in-
struments were performed through optical tracking with a Northen
Digital Incorporated ®Polaris Vicra. The OR was prepared with con-
ventional equipment for laparoscopic liver resection with the addi-
tion of an ultrasound machine for percutaneous needle placement
to inject the gold fiducials used for registration.

2.1.1. Dataset description

A pre-clinical trial was conducted using a total of four porcine
models, with weights ranging from 45 to 61kg. The dataset in-
cludes tracked stereo-video recordings using a calibrated laparo-
scopic camera, pre- and intraoperative contrast-enhanced CT and
fluoroscopic acquisitions, as well as instrument tracking and reg-
istration transformation matrices. Every acquired transformation
matrix has a global origin in P (following the diagram in Fig. 5),
which is an optical markerplate which indicates the position of the
patient, rigidly connected to the surgical table. Timestamps in the
recordings were used to compute the duration of the steps pre-
sented in the workflow (Fig. 1) and described in Section 2.2.3.

2.1.2. Injection of artificial lesion

Similarly to the biotumor mixture used at IHU Stras-
bourg Garcia et al. (2019), an artificial lesion solution, containing
muscle, agar-agar and citric acid, was prepared, strained and ho-
mogenised through needles of decreasing calibre until 18 gauge.
Based on a contrast-enhanced CT image, the injection targeted lo-
cation was the superior section of a medial/right liver lobe, visi-
ble through a percutaneous ultrasound (US). The solution was then
percutaneously injected into the liver parenchyma, under US and
fluoroscopic guidance, through a 16 gauge Secalon-T needle. Injec-
tion of 6 mL created a lesion with a diameter of approximately
20 mm. The injected artificial lesions were clearly visible in both
ultrasound and CT images.

2.1.3. Placement of tracking fiducials
Based on CT and US characteristics of the artificial lesion and
the surrounding vessels, for each trial, five tracking fiducials (Civco
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Fig. 1. Overview of the novel navigation solution with and without intraoperative CT imaging.

/

\ Tracking fiducials

Fig. 2. Illustration to show the different fiducials: tracking fiducials were used to
perform fluoroscopic updates to compensate for organ deformations, whereas sur-
face fiducials were solely used in these trials to evaluate the accuracy of the system
(and are not necessary for surgical navigation).

Radiotherapy - CyberMark 1x5mm gold rods) were aimed to be
placed in the liver parenchyma within 10 mm from the lesion bor-
der (four surrounding and one underneath) (shown in Fig. 2).

2.14. CT And CBCT acquisition

Scans were acquired directly on the surgical table, with subjects
positioned right side up in a supine position with a slight flexion.
Every imaging sequence acquisition was performed with tube dis-
connect to have the same lung position and to lower imaging arte-
facts caused by breathing motion. Furthermore, Butylskopolamin-
bromid was given to reduce peristaltic motion. Contrast-enhanced

Fig. 3. Laparoscope camera calibration procedure example using the dedicated
markershield.

CT images were acquired using Ombipaque 350 mg/ml via intra-
venous injection with 2 ml/kg for bodyweight. Injection time set
for 35 seconds controlled by the flow. Portoveneous phase acquisi-
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4

Fig. 4. Schematics explaining laparoscopic augmented reality visualization in
overview mode.

tions 90 seconds after the injection start. Intraoperative CT images
were acquired with pneumoperitoneum stabilized at 13 mmHg.
CBCT and fluoroscopic images were acquired without contrast.

2.1.5. Segmentation

Contrast-enhanced CT images were segmented to cre-

ate case-specific models by two different methods: either
using a liver pre-processing method followed by semi-
automatic segmentation in ITK-SNAP with manual correc-

tions Kumar et al. (2017) Gansawat et al. (0000) and 3D model
reconstructions in 3D Slicer Fedorov et al. (2012); or using the
segmentation algorithms and tools available in Syngo.via Liver
Analysis. Five segmented structures were created for each case
using this process: liver parenchyma, hepatic and portal vessels, a
resection model and a lesion.

2.1.6. CAS-One AR Calibration

Hand-eye, camera calibration (shown in Fig. 3), and surgical in-
strument calibration were performed in the OR through the CAS-
cination CAS-One system. Custom-designed optical marker shields
were attached to the surgical table, instruments and calibration
processes were performed as described in Prevost et al. (2019).

2.1.7. CAS-One AR Navigation

The CAS-One system provides guidance by means of an interac-
tive 3D view of the liver model and tracked tools, as well as 3D-3D
AR overlay of internal structures on the laparoscopic image. The
user can choose between three different AR modes:

Overview mode: The virtual window is centred
at the intersection of the laparo-
scope’s line of sight with the liver
surface. The segmented internal
organ structures are rendered as
seen through this virtual window
shown in Fig. 4.

Region of interest mode: The virtual window is delimited
by the implanted gold fiducials to
limit visualization to the region of
interest during the entire resection
procedure.

Resection mode: The virtual window follows the tip
of the tracked resection tool.

2.1.8. Registration using CT - CBCT

The solution presented in this study relies on the presence of
a robotic C-arm to perform the navigation and volumetric im-
age. In this study, CT images used for creating liver segmenta-
tions have been taken intraoperatively. However, in clinical prac-
tice, they could be a preoperative CT scan, commonly used for sur-
gical planning, acquired typically days or weeks before the proce-
dure. To align the CT volume and its associated segmentations to
the position of the patient on the surgical table, the navigation so-
lution requires a CBCT acquisition. An initial registration process
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between these two medical images is performed automatically us-
ing intensity-based 3D/3D registration algorithms available in the
navigation software. This followed by manual adjustments by the
surgeon (rotations and translations). In the case of liver deforma-
tions between CT and CBCT images, the rigid registration should be
aimed to provide the best match in the surroundings of the lesion.
The transformation matrix resulting is denoted as T,g according to
the diagram in Fig. 5.

2.1.9. Registration using fluoroscopic updates

Laparoscopic  surgery causes large motions and de-
formations to the shape and size of the liver Sanchez-
Margallo et al. (2011) Teatini et al. (2019) Zachariadis et al. (2020)
Planteféve et al. (2016). This deformation increases even further
during both surgical manipulations (lifting or moving of the
liver), or resection processes (liver mobilization and resections).
Resection of liver parenchyma is one of the critical steps in
the procedure, and most navigation solutions on the market
cannot currently update the registration for the surgical naviga-
tion (Prevost et al. (2019)). The solution proposed in this study
allows the user to update the surgical navigation though two
fluoroscopic images were taken at different orientations with the
robotic C-arm of the patient on the surgical table. To prepare the
fluoroscopy-based tracking, the injected gold fiducials are auto-
matically segmented from the CBCT volume via a threshold-based
metal segmentation algorithm. The CBCT is reconstructed utiliz-
ing a metal artifact reduction algorithm, to facilitate the precise
localization of the fiducials. Fiducials coordinates are determined
by calculating the center of mass of the respective metal seg-
mentation surface mesh and stored as the reference configuration.
During the subsequent surgical resection, fluoroscopy images are
taken along two projection angles, typically separated by at least
30 °. Through a sampling consensus algorithms, candidates of
consensus sets are identified. First, the combinatorial complex-
ity of the sampling problem is estimated based on number of
detected fiducials in the two 2D fluroscopic images and number
of fiducials in the CBCT. If this is below a defined threshold,
deterministic sampling consensus (DETSAC) is performed, eval-
uating all combinatorial possibilities. However, if the number of
possible combinations exceeds the runtime threshold, random
sampling consensus (RANSAC) is performed instead. The resulting
transformation is determined by choosing the consensus set with
lowest deviations from the original 3D configuration of fiducials
in the CBCT, and by prefiltering based on predefined error thresh-
olds and boundary conditions. Based on the newly triangulated
positions of the fiducials in fluoroscopy images, which reflects the
movement and deformation of the liver, the navigation platform
computes an additional transformation matrix TFP , that can update
the navigation and therefore compensating organ deformations.

Positions of the tracking fiducial markers in 2D fluoroscopy im-
ages are detected using a U-Net convolutional neural network. The
network was trained on various annotated images from clinical,
pre-clinical and phantom settings as well as on digitally synthe-
sized X-ray images. The robotic C-arm readily provides extrinsic
and intrinsic projection matrices of image acquisition. Since all
tracking fiducial markers are of the same type, a correspondence
problem has to be solved in the 2D/2D/3D registration to the spa-
tial arrangement of the fiducials in the CBCT. This is addressed by
a sampling consensus algorithm. Finally, the resulting registration
matrix is transferred to the navigation system which then provides
up-to-date AR overlays. An example is shown in Fig. 6.

2.2. Evaluation

Evaluation of the accuracy for the navigation was conducted
through two methods: TRE evaluation using additional surface
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Fig. 5. Schematic of the transformation matrices involved in this surgical navigation platform. Where O is the coordinate system for the optical tracking system, M for
the optical markers attached to the laparoscope camera, C is the coordinate system origin for the camera, I is the origin of the imaging modality (preoperative scan),
P is the markerplate rigidly attached to the surgical table, D is the origin of the CBCT scan and F is the origin of the gold fiducials. The notation used in this paper
indicates as superscript the coordinate system with respects to which the transformation is applied, and subscripted is the towards which coordinate system (with a row-
major convention). Moreover, all transformations described in this study are 4x4 matrices in homogeneous coordinates. It is important to notice that, without using the

fiducial updates, transform (T?)~! = (Tf)~! - (T,?)~! is the identity matrix.

Fig. 6. Example of visualisation through navigation system monitors during la-
paroscopy.

fiducials attached to the liver surface and computation of TRE for
the resection margin marking on the liver surface. As aforemen-
tioned, both evaluation processes made use of intraoperative CT
scans. These scans were used to perform segmentation of the sur-
face fiducials and the surgical foam (which were both placed on
the liver surface laparoscopically and therefore not were present
in the preoperative CT scan).

2.2.1. Surface fiducials for TRE evaluation

Surface fiducials were designed and 3D printed in PA12 Smooth
using a LISA Sinterit printer. These fiducials have a spherical hol-
low sphere with a diameter of 3.8 mm, which made them easily
detectable and segmentable in the intraoperative CT. These fidu-
cials were laparoscopically inserted on the liver surface (as shown
in Fig. 2 and visible in Fig. 7), and then reprojected as AR ob-
jects on laparoscopic frames through the registration processes de-
scribed in Section 2.1.8 and Section 2.1.9, an example their posi-
tions reprojected on the laparoscope camera is shown in Fig. 11.
The distance between the reprojected fiducials and their physical
location represents the TRE for the surgical navigation (red versus

Table 1

TRE fiducial evaluations averaged across the four cases (means and
pooled variances in [mm], according to Altman et al. (2013)) using ei-
ther the intraoperative CT scan or the fluoroscopic updates to perform
the registration.

Intraoperative CT

TOP RES DIS ALL
Mean+SD  3.56+1.98  3.784+1.89  4.29+3.07  3.994+2.19
Number 234 797 184 1511

Fluoroscopic Updates

TOP RES DIS ALL
Mean+SD  3.61+1.96  4.1942.56  7.36+£530  5.00+3.43
Number 2868 6179 1269 10849

blue dots respectively in Fig. 7, similarly to Teatini et al. (2019) and
Thompson et al. (2018)). Accuracy was evaluated for both AR regis-
tration approaches: using the intraoperative CT scan (Section 2.1.8),
and using pairs of fluoroscopic images (Section 2.1.9). Before each
fluoroscopic update, liver surgical manipulations were applied by
the surgeon (to simulate the clinical scenario of wanting to update
after manipulating the liver).

To describe the accuracy of the AR navigation solution, which
is meant for accurate registration around the lesion (as described
in Section 2), a grouping of the surface fiducials was conducted to
evaluate the accuracy of AR in the regions of interest. This lead to
TRE for surface fiducials to be divided into three groups (as shown
in Fig. 7 and Table 2):

TOP: Liver surface fiducial inserted on top of the lesion.

RES: Liver surface fiducials within the planned resection margin
(under 35 mm from the center of the lesion).

DIS: Liver surface fiducial most distal from the center of the le-
sion.
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Fig. 7. Example of AR frame showing the reprojection of the liver surface fiducials. These fiducials were only used for evaluation of TRE (not necessary in clinical workflow).
TRE was computed as the distance between the manually annotated positions (in blue) and the reprojected correspondent positions (in red). Furthermore, this image shows
how the fiducials were classified into three groups (TOP, RES and DIS) based on their euclidean distances to the lesion. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 2

Evaluation results of TRE, in [mm] for the liver surface fiducials. The fiducials were grouped into TOP: the fiducial placed on top of the tumor, RES: fiducials within the
resection margin, DIS: the fiducial placed furthest away from the tumor, ALL: all the fiducials inserted.

Intraoperative CT

Case 1 Case 2 Case 3 Case 4

TOP RES DIS ALL TOP RES DIS ALL TOP RES DIS ALL TOP RES DIS ALL
Mean 214 2.20 2.34 2.26 437 3.61 10.94 4.25 4.99 4.74 3.81 4.78 3.31 3.30 7.75 4.63
STD 194 185 1.21 1.38 1.60 1.63 1.55 2.49 1.45 1.59 1.75 1.73 0.77 1.28 0.86 2.28
Max 7.11 7.11 5.92 6.79 7.68 8.35 12.97 12.97 8.14 9.47 7.38 1030  5.69 8.28 9.79 11.50
Num. 84 164 87 406 32 129 17 228 73 367 56 548 45 137 24 329

Fluoroscopic Update

Case 1 Case 2 Case 3 Case 4

TOP RES DIS ALL TOP RES DIS ALL TOP RES DIS ALL TOP RES DIS ALL
Mean 237 334 11.32 6.50 5.80 5.67 13.67 6.79 3.14 4.04 4.65 4.49 4.18 4.16 11.13 5.75
STD 1.09 159 2.26 3.46 1.83 2.53 2.29 3.45 1.46 2.57 433 3.28 2.90 2.41 4.49 3.36
Max 551 837 14.44 14.44 15.15 29.98 21.46 29.98 7.61 17.60 18.94 27.09 1269 1269 17.83 16.64
Num. 204 423 228 1068 472 720 168 1052 1960 4710 810 7964 232 326 63 765

Comparisons intraoperative CT vs Fluoroscopic Updates
P-value  0.21 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.15 0.04 0.05 <0.01 <0.01

2.2.2. Resection margin for TRE evaluation

Resection of the artificial lesion was planned on a segmented
contrast-enhanced CT scan, and a separate resection volume seg-
mentation model was created and used for the navigated resec-
tion guidance. As performed clinically, the resection margin was
marked using a cauterization instrument (monopolar laparoscopic
instrument) on the liver surface. Marking of the resection mar-
gin was performed following only the surgical navigation guidance,
displayed as AR. To extract the spatial position of the cauteriza-
tion, a surgical foam (SURGIFLO ®Hemostatic Matrix Kit) was ap-
plied on the cauterized marking on the liver. Similarly to what was
performed for the liver surface fiducials, the foam was segmented
from additionally acquired intraoperative CT images. The distance
between the planned resection margin and the segmented foam
(shown in Fig. 11) reflects the TRE of the surgical navigation, as

well as the visualization inaccuracies of the AR. To quantify the er-
ror, the outline of planned resection and the segmented foam were
annotated on the liver surface and then transformed into 1 mm
diameter tubes using “Markups” and “Markups to Models” modules
in 3D Slicer Fedorov et al. (2012) (shown in Fig. 8). A centerline
was successively extracted for each tube and 50 points were sam-
pled along the circle. Points from planned and marked resections
were grouped through fuzzy-means clustering Bezdek (1981) and
used to compute Hausdorff distance calculations. Distribution of
these measurements is reported separately for each of the four
pre-clinical cases.

2.2.3. Surgical navigation workflow evaluation
The workflow was evaluated as a measure of the time delays
caused by each step in the workflow shown in Fig. 1. Time spent
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Fig. 8. Example of evaluation of Target Registration Error for resection margin (Case
3). Planned resection (yellow line) and Marked resection (red line) shown on vol-
ume rendering of intraoperative CT image. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

on intraoperative image acquisition, laparoscope and tool calibra-
tion, and navigation system setup were recorded and reported in
the Section 3, as median times with min-max ranges.

2.3. Statistics description

Statistical method and statistics were chosen and com-
pleted in collaboration with statisticians at Oslo Centre for
Biostatistics and Epidemiology. SPSS software (IBM Corp. Released
2017. IBM SPSS Statistics for Windows, version 25.0, Armonk, NY,
USA: IBM corp) was used for the statistical analyses. Measurements
in Section 3 are shown as mean with standard deviation as well as
other statistical metrics in the detailed tables. Significance between
TRE intraoperative CT and fluoroscopic updates were calculated us-
ing univariate ANOVAs and linear regression analysis with multiple
cases and categorical variables.

3. Results
3.1. Target registration error surface fiducials

A total of 823 augmented reality frames were manually anno-
tated across the four pre-clinical cases, for a total of 4502 man-
ually annotated liver surface fiducials. Four intraoperative CT aug-
mented reality evaluations were performed (one per case) whereas
a total of 20 fluoroscopic updates AR evaluations were conducted
(this resulted in a total of 1511 fiducials reprojected through the
intraoperative CT scan-based navigation and 10849 using the fluo-
roscopic updates). Results averaged across the four cases, for each
fiducial group, are reported in Table 1. The results for the liver sur-
face fiducials per each case are reported in Table 2. Since unequal
sample sizes were used across cases, the authors decided to make
use of standard deviation pooling according to Altman et al. (2013).

Since classification into the three groups (TOP, RES, DIS) was
performed based on the euclidean distances from the centre of the
lesions, average distances across the four cases were 20.98 mm for
TOP fiducials, 26.93 mm for RES fiducials and 69.52 mm for DIS
fiducials.

To obtain exploratory results for the cases to test the hypoth-
esis that intraoperative AR and update based AR have the same
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Table 3

Hausdorff distance in [mm] between resection plan
and marked resection across 50 centerline samples
per case.

Case 1 Case 2 Case 3 Case 4

Mean 3.48 3.34 6.03 17.70

STD 1.54 0.74 2.55 8.46

Max 6.85 4.33 9.75 33.05
Q1 2.52 2.77 3.66 11.77
Q3 3.99 4.06 8.34 23.39

Q3-Q1 1.48 1.29 4.68 11.62

35

30

25

20

15

Measured distance [mm]

10

Case 1 Case 2 Case 3 Case 4

Fig. 9. Boxplot showing distribution of measured distance between planned and
marked resection for each case.

TRE, a total of 16 univariate ANOVAs (4 cases and 4 groups) were
conducted comparing the TRE for each group and pre-clinical case.
Results show significant differences for almost all cases, except for
the TOP and RES groups (as reported in Table 2).

3.2. Target registration error for resection margin

Measured distances between the planned and marked resection
margins are listed in Table 3. Projections of both the resection plan
and the marked resection on the liver surface are shown in Fig. 11.
Across the four cases, based on the resection margin evaluation
method, the mean median error of the surgical navigation on the
liver surface was 7.47 mm, with a maximum of 33.05 mm.

Based on the results (Fig. 9), case 4 may be defined as an out-
lier, since the median error is more than 1.5 times the interquartile
range added to the third quartile.

Fig. 10 shows an example of a resection plan and its marked
resection, which follows the contour of the resection volume from
the laparoscopic perspective (disregarding depth). Excluding case
4, the mean median error of the surgical navigation on the liver
surface was 4.44 mm, with a maximum of 9.75 mm.

3.3. Surgical navigation workflow evaluation

Contrast-enhanced CT image acquisition median time was 13
minutes (5 - 25)(n = 18). CBCT image acquisition median time was
15 minutes (4 - 30) (n = 10). Calibration of the camera could be
achieved in a median of 1:33 minutes (0:46 - 2:51) (n = 5) and
0:42 minutes (00:08 - 01:07) (n = 7) for each laparoscopic tool.
Median navigation system setup time was 9:15 minutes (5:35 -
20:53) (n = 5). Median time for registration update including ac-
quisition of two fluoroscopic images - 35 seconds (12 - 87) (n =
14).
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Liver
— surface
margin

- Point A

Fig. 10. Case 4. Planned resection (yellow line) and Marked resection (red line) are shown on the volume rendering of intraoperative CT image and on the planned resection.
Point A was misunderstood as the projected surface resection plane, whereas it represented the depth of the resection margin underneath the lesion within the liver
parenchyma. Due to this perception error, the result from Case 4 is an outlier to the rest of the cases for the margin evaluation. This error demonstrates the need to improve
the AR visualization for resection margin delineation in this surgical navigation solution. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 11. Example of Augmented Reality visualization of the resection model (case 2
in this study) from the surgical navigation solution, presented in this study, together
with the marked resection margin and the surgical foam used for TRE evaluation in
resection margin analysis.

4. Discussion

The findings in this study show that laparoscopic naviga-
tion with satisfactory accuracy is achievable using the pre-
sented method. This novel approach, which aims to provide
an accurate registration around the lesion, resulted in a very
low TRE, as compared to other results available in the litera-
ture Luo et al. (2020) Thompson et al. (2018) Teatini et al. (2019)
Espinel et al. (2020). Furthermore, the solution presented in
this article is capable of being introduced into the clinical
workflow. Moreover, since the approach presented in this arti-
cle does not rely on 3D to 2D registration methods to update
the registration (unlike other solutions available in the litera-
ture Espinel et al. (2020) Planteféve et al. (2016)), its accuracy is
not compromised by poor laparoscopic camera visibility or bleed-
ing, making this method one of the few methods with the capabil-
ity of accurate registration during liver resection processes.

To evaluate the surgical navigation solution, surface fiducials
were used to evaluate changes in TRE for the two different regis-
tration procedures available: model-to-patient registration using an
intraoperative CT and fluoroscopic updates to perform registration
to the CBCT. The resulting average accuracy, in terms of TRE, was
3.78+1.89 mm using intraoperative CT imaging and 4.19+2.56 mm
using fluoroscopic updates after surgical manipulations were com-
puted, which the authors believe could be accurate enough for sur-
gical guidance.

Overall, the results in Section 3.1 and Table 2, show that AR
was more accurate using the intraoperative CT scan to generate
the AR (Section 2.1.8), as compared to updates (Section 2.1.9). The

TRE differences, however, amounted to 0.05 mm for surgical guid-
ance on top of the lesion and by 1.01 mm for the rest of the liver.
The authors believe that this slight change in accuracy for fiducials
in DIS regions may be due to lower accuracy in the triangulation
of golden fiducials by using only two fluoroscopic updates (as op-
posed to a CT scan, which uses several projections).

The statistical analyses (Table 1) show that, for individual cases,
the differences found were statistically significant. Higher accuracy
closer to the lesion is expected as the method described in this
study is a locally accurate registration method, which largely de-
pends on the positions of the fiducials with respects to the le-
sion. For both RES and TOP fiducials, this distance was smaller than
3 cm, whereas, on average, DIS fiducials were ~7 cm away. This in-
crease in distance explains the decrease of accuracy further away
from the position of the lesion and the tracking fiducials. However,
overall, the absolute average differences between the registration
methods for TOP and RES are up to ~2 mm. For a planned liver
resection with 15 mm margins, measured inaccuracies added by
the updates are small enough to be used as guidance and lead to a
RO resections, which would also include tracking fiducials. Hence,
this study also shows that updates may nonetheless be a valid and
accurate method to continue surgical navigation in the presence of
liver deformations.

To replicate one of the intended uses of the surgical naviga-
tion, marking the resection line on top of the liver, the authors
conducted a further evaluation procedure for the navigation ac-
curacy, further details in Section 3.2). This method of evaluation
through resection marking incorporates additional types of inaccu-
racies, such as AR visualisation errors. Navigation is presented to
the user in the form of an overlay of selected digital structures
onto the 3D laparoscope view. The overlay, in this navigation so-
lution, includes depth rendering for the models overlaid, although,
the rendering is not fully realistic. For this reason, the surgeons
claimed to need additionally/mentally fuse these overlaid resection
model and the laparoscopic view of the liver. This process can cre-
ate inaccuracy or misinterpretation of the presented information.

An example of this perception error caused by non-optimal
visualization occurred in case 4 (Fig. 10). Evaluations using the
resection marking reflect the TRE of the surface fiducials, when
examining cases 1-3. Instead, case 4 resulted in an error of
17.70+8.46 mm (Table 3), as opposed to the TRE of 3.994+2.19 mm
in the surface fiducial evaluation. Hence, this not an error inherent
to the registration procedure. The reason for this large decrease in
accuracy of the resection marking (which is an outlier to the previ-
ously examined data according to the interquartile ranges), is due
to the perception error in the AR surgical navigation, as shown in
Fig. 10). This error occurred during the marking of the resection
because the AR reprojection of the resection was misread: the sur-
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geon interpreted the bottom of the resection volume (Point A in
Fig. 10) to be the proximal part of the resection. For this reason,
demarcation of the resection was misaligned with respects to the
planned resection margin, causing a large error estimation.

In conclusion, other than due to the statistical motivations, case
4 for the resection margin evaluation should be considered as an
outlier, which can be dealt with by improving the AR visualiza-
tion technique. A possible solution, for example, could be addi-
tion of a view perpendicular to the laparoscope showing tools and
3D model would present depth as horizontal different and depth
perception could possibly be improved. Nevertheless, with the cur-
rent visualisation solution, the navigation solution used throughout
these trials could introduce errors such as that reported in case 4.

Section 2.2.3 reports timings for all the other tasks necessary
for this navigation solution. Overall, on average, 26 minutes were
necessary to initialize the navigation, excluding 13 minutes for the
intraoperative contrast-enhanced CT imaging and 42 seconds for
each laparoscopic tool to be calibrated. After the initial registra-
tion, 35 seconds on average were needed, per update, using two
fluoroscopic images.

Technological achievements has led to modernization
of the ORs with new intraoperative imaging technolo-
gies Mascagni et al. (2018). The use of intraoperative CBCT,
associated to fluoroscopy has been proposed in the litera-
ture Oktay et al. (2013) Mountney et al. (2014). Mountney et al.
combined non-rigid biomechanically driven registration between
pre-operative CT and intra-operative CBCT together with stereo
laparoscopic reconstruction Barillot et al. (2014), and triangulated
fluoroscopic images to detect the tip of the laparoscope camera
(similarly to Bernhardt et al. (2016)) to create an augmented
reality system. The disadvantages of this method are that the
authors attempt to register the full liver volume solely using the
surface reconstruction, therefore, the method will not be able to
compensate deformations during bleeding or resection steps, and,
secondly, the evaluation of TRE conducted in vivo is compromised
by the use of surface fiducials: since the reconstruction is used
to perform the registration, any object used on the liver surface
will be perfectly registered, however, this might not be true for
structures within the liver tissue, such as vessels or lesions.

Nowadays, the use of hybrid registration procedures has been
tested to compensate for the deformations caused by pneu-
moperitoneum, with surgically satisfactory accuracy although
this approach requires manual interaction intraoperatively and
it might prove difficult to account for deformations occurring
in the back of the liver based on visual cues at the front of the
liver Espinel et al. (2020), Planteféve et al. (2016), Ozgiir et al. (2018).
Moreover, the methods described in the previously mentioned ar-
ticles and other articles in the literature Soler et al. (2014);
Thompson et al. (2015, 2018); Bernhardt et al. (2016), would
not be able to update the registration during the steps of liver
resection, which is the most critical and hazardous step in liver
resection surgery.

With respects to the surgical workflow of this navigation solu-
tion, as aforementioned, this method relies on the insertion of gold
fiducials around the lesion and segmentation of volumetric images
such as contrast-enhanced CT. Fiducials can be inserted either per-
cutaneously preoperatively or laparoscopically intraoperatively. The
time necessary to insert the fiducials percutaneously was not ex-
amined throughout these cases, due to testing of multiple insertion
techniques throughout the trials. Segmentation time was also not
examined because different segmentation methods were used and
tested. Moreover, segmentation time depends on quality and level
of detail needed depending on image quality, anatomical complex-
ity and extent of the region of interest.

The presented navigation method could be used with preoper-
ative volumetric imaging, such as contrast-enhanced CT or MRI,
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with its respective segmentation, created beforehand and there-
fore not restricted by the time allocated during surgery. Regis-
tration of preoperative images from different modalities could be
done automatically Wei et al. (2020). In this study, the accuracy of
such approach was not evaluated, although, as mentioned before
in Section 2.1.9, liver shape and intraparenchymal changes due to
laparoscopy could have a significant effect on the accuracy of the
navigation. This inaccuracy may be lower by using a small volume
for registration such as resection with lesion and tracking fiducials
compared to navigation of a larger liver region.

In clinical practise, this solution would present case-specific
anatomy as a 3D model, including important structures for laparo-
scopic liver resection, with tracked instruments shown as well as
AR overlay on laparoscopy video, similarly to the IRCAD AR nav-
igation approach with examples shown in several clinical publi-
cations Ntourakis et al. (2016) Hallet et al. (2015). This approach
can be used as an adaptable intraoperative map, which shows la-
paroscopic tool location in relationship to underlying anatomical
structures on the 3D model or shown in the camera view. During
the training of theses procedures or complex cases, this could sim-
plify the search for specific vascular structures or the extent of the
lesion in the laparoscopic US. The possibility to perform updates
during an on-going resection with large deformations allows for
on-demand position correction and visualisation of structures of
interest with certain accuracy. This would be of great relevance for
control of central point of resection bed to maintain adequate re-
section margins without overextending resection, outside the plan
and into the healthy liver tissue. On the other hand, this additional
control could also possibly reduce the rate of inadequate resection
margins.

During the last decade, the definition of a successful RO re-
section for CRM in the liver has been changing from 10 mm to
1 mm Postriganova et al. (2014) Hamady et al. (2014). Neverthe-
less, research shows that the rate of resection with resection mar-
gins below 1 mm range from 2 to 33 % Alvarez et al. (2016).
Surgery guidance using the presented approach would require
planning a liver resection with 15 mm margins, containing tracking
fiducials within 10 mm of the lesion border. This would result in a
complete resection containing both the specimen and fiducials. For
cases with narrower margins, this solution provides the location of
the lesion, surrounding vessels and the resection plan with reason-
able accuracy, which could be controlled for with the laparoscopic
Us.

Enhancement to the surgical view potentially simplifies the
mental burden of placing and transforming volumetric images,
used for planning, to the reality in the operating room. Previous
studies show a reduction of time use Pelanis et al. (2019)), reduc-
ing surgical stress Berardi et al. (2019) and cognitive load using 3D
models Yeo et al. (2018)), which would allow for more focus on
surgical performance. Hence, this solution could possibly allow for
more advanced laparoscopic liver resections with a narrow mar-
gin close to critical structures without requiring extensive surgery
times by redistributing surgical focus time. In some cases, this so-
lution could be a resource used during the learning-curve of la-
paroscopic procedures to simplify some aspects of the procedure
for trainees.

The navigation solution presented in this study could be used
as a stepping stone towards automation of surgery by integration
with robotic surgical instruments. As well as continuation of previ-
ous exploration of AR in robotic liver surgery Pessaux et al. (2015).
Solution presented in this manuscript provides spatial informa-
tion of intraparenchymal structures with the possibility to update
during surgery without additional laparoscopic tools and could be
used as a feedback system for safety mechanisms or potential au-
tomation.



E. Pelanis, A. Teatini, B. Eigl et al.

The limitations of this study for TRE evaluation include: both
evaluation methods were superficial and not intraparenchymal
therefor navigation accuracy inside the liver was not evaluated; the
ground truth positions for the surface fiducials were manual anno-
tations conducted frame by frame and selecting the top position
of the sphere of the fiducials; the foam thickness was not uniform
during the application on the marked resection margin, hence, to
have an equal (one point to one) comparison between the foam
and the planned resection model, a 1 mm tubular structure was
interpolated into the segmentation of the foam, to match the re-
section model margin (as shown in Fig. 11). Moreover, evaluation
of the navigation accuracy using resection margin, as described
in Section 3.2, was based on initial intraoperative CT registration
method, without fluoroscopic updates.

The presented solution offers potential clinical benefits, how-
ever, it also introduces an additional risk of needle inser-
tion necessary to insert the fiducial (percutaneous or laparo-
scopic). Overall, placement of a single gold fiducial has a docu-
mented risk of major complications in 1.1-5% and minor in 2.9-
20.8% Tresch et al. (2014) Kothary et al. (2009) Kim et al. (2012)
Brook et al. (2012) Hong et al. (2015) Ohta et al. (2016). For liver
procedures specifically, the evidence is more limited with major
2% and minor 2-2.9% Kothary et al. (2009) Brook et al. (2012). Mi-
gration of the fiducials, which occurs for 4% of the placed fidu-
cials, is one of the adverse events, although this does not have
a documented direct association with major or minor complica-
tions Brook et al. (2012). These adverse effects reported for ra-
diotherapy might be less pronounced in such surgical application.
Fiducials are removed together with the tumour within the resec-
tate, whereas they permanently remain in the organ in the radio-
therapy use case.

Intraoperative updates of the presented navigation solution rely
on fluoroscopic imaging, therefore personnel in the operating the-
atre require radiation protection equipment. This is not commonly
needed during a typical laparoscopic liver resection at the time of
writing. During this trial, operating room personnel did not detect
any hinders to perform laparoscopic surgery while wearing radia-
tion protection equipment.

Furthermore, during this trial, intraoperative CT scans were
used for the navigation, which reduced the possible introduction
of more inaccuracy due to registration of preoperative CT to intra-
operative CBCT (CT - CBCT registration, Section 2.1.8). This inaccu-
racy could occur due to a more complicated registration because of
the different shapes Teatini et al. (2019) Dawda et al. (2019) for the
liver preoperatively and intraoperatively, after deformation caused
by pneumoperitoneum.

The data reported in this study is partially based on proto-
type software, its future availability as a product is not guaranteed.
Lastly, the studies described in this article are pre-clinical trials,
and the shape and thickness of the porcine liver are different as
compared to humans. The shape of the human liver is more rigid
than the porcine liver, which could reduce the pneumoperitoneum
deformation. In order to evaluate the effects of anatomical differ-
ences, as well as to incorporate the surgical navigation into con-
ventional clinical workflow, clinical studies are required.

5. Conclusions

In conclusion, a novel navigation solution for liver laparoscopic
surgery is presented in this study. The evaluation methods pro-
posed show that the accuracy of the presented method could be
sufficient for laparoscopic liver resection, with the possibility to
perform accurate surgical navigation even in the presence of de-
formations or manipulations of the liver. Inclusion of the proposed
navigation solution into the surgical workflow should not greatly
prolong the surgery and could be useful to aid the surgeon with a

10

Medical Image Analysis 69 (2021) 101946

3D map of patient-specific anatomy. Additional improvements in
the solution are necessary to enhance visualization methods for
the navigation, especially for the AR visualization, with the possi-
bility of displaying the resection models using different renderings
approaches to avoid misinterpretation of the resection margin.

Further investigations regarding the accuracy of surgical navi-
gation and the usability of the navigation solution should be con-
ducted through clinical trials. Nevertheless, this solution has the
potential to mitigate some of the difficulties of laparoscopic liver
resection.
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